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[57] ABSTRACT 

A layout versus schematic (LVS) comparison tool deter 
mines one-to-one equivalency between an integrated circuit 
schematic and an integrated circuit layout by performing 
operations to generate color symmetriZing matrices corre 
sponding to respective child cells in the integrated circuit 
schematic. Here, the child cells are characterized as having 
a number of symmetrical con?gurations which at a port level 
are electrically equivalent. Operations are also performed to 
generate a ?rst color symmetry vector for a child cell in the 
integrated circuit schematic and a second color symmetry 
vector for the corresponding child cell in the integrated 
circuit layout. Avector equivalency is also preferably deter 
mined by comparing a product of the color symmetriZing 
matrix and the ?rst color symmetry vector against a product 
of the color symmetriZing matrix and the second color 
symmetry vector. Notwithstanding the presence of a vector 
equivalency, a possibility may still exist that with respect to 
the corresponding symmetric child cells in the schematic 
and layout, isomorphism between the schematic and layout 
is not present. To address this possibility, an operation is 
preferably performed to detect the absence of a spurious 
symmetry in the color symmetriZing matrix. If an absence is 
detected, the presence of the vector equivalency will 
unequivocally establish the one-to-one correspondence with 
respect to the child cells being analyzed. Thus, the need to 
perform a computationally expensive membership test to 
determine whether a selected permutation can be derived 
from valid symmetries, can be successfully eliminated. The 
preferred comparison tool also infers symmetries, where 
available, so that symmetries of a child cell may be propa 
gated to a parent cell when the tool is evaluating a grand 
parent cell containing the parent cell. 

33 Claims, 12 Drawing Sheets 
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METHODS, APPARATUS AND COMPUTER 
PROGRAM PRODUCTS FOR DETERMINING 
EQUIVALENCIES BETWEEN INTEGRATED 
CIRCUIT SCHEMATICS AND LAYOUTS 

USING COLOR SYMMETRIZING MATRICES 

FIELD OF THE INVENTION 

This invention relates to the design, layout, testing and 
manufacture of microelectronic circuits and systems, and 
more particularly to apparatus and methods for verifying 
microelectronic circuits and systems prior to manufacture. 

BACKGROUND OF THE INVENTION 

Present day ultra-large-scale integration (ULSI) circuits 
may include hundreds of thousands or millions of intercon 
nected active electronic devices on an integrated circuit chip. 
The large capital investment required to fabricate and test 
large scale integrated circuits prior to sale to a customer and 
the difficulty, expense and loss of goodWill associated With 
reWorking and replacing integrated circuits Which fail to 
operate as planned, have increased the need to accurately 
characteriZe the electrical behavior of integrated circuits 
prior to their manufacture. 

Moreover, noW that submicron and deep-submicron (0.5 
pm and beloW) technologies have begun to dominate silicon 
chip manufacturing and the prospect of million-plus-gate 
chips operating at clock rates of 100 MHZ has become a 
reality, fundamental changes have had to be made to con 
ventional integrated circuit design methodologies and the 
electronic design automation (EDA) tools based thereon. To 
meet the challenges posed by such large-scale circuits, 
techniques have been developed to represent integrated 
circuit designs at various levels of abstraction. According to 
these techniques, a design may be represented by a high 
level behavioral description, as a schematic (or, 
equivalently, a netlist), or by geometric layout data Which 
describes patterns of substances to be deposited on a semi 
conductor substrate (i.e., a layout). Other techniques for 
managing such highly integrated circuit designs include 
hierarchical design techniques. Here, a particular design is 
partitioned into functional cells and cells-Within-cells, etc., 
so that at a given level of hierarchy the design may be 
analyZed as a set of cells and their respective 
interconnections, Without being concerned With the details 
of the contents of the cells (e.g., subcells Within each cell). 

These techniques can be essential to the efficient perfor 
mance of computer-assisted integrated circuit design veri 
?cation. Such veri?cation may include operations to per 
form layout versus schematic comparison (LVS) using 
computer-based design tools. As Will be understood by those 
skilled in the art, tools to perform layout versus schematic 
comparison may include circuit extraction softWare to 
extract electrical schematics containing nets and devices 
from layout designs. An extracted electrical schematic may 
then be compared to an original schematic to determine 
functional equivalence betWeen the original integrated cir 
cuit schematic and the integrated circuit layout. One diffi 
culty associated With the performance of these operations 
may be caused by a dissimilarity in the labeling of nets and 
devices in the extracted schematic relative to the original 
schematic. Moreover, because it is not a trivial task to 
establish one-to-one correspondence betWeen the compo 
nents of the extracted schematic and the original schematic, 
the primary function of LVS softWare is to determine the 
correspondence or lack of correspondence betWeen the 
original and extracted schematics Which may be represented 
as a schematic netlist and layout netlist, respectively. 
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2 
Conventional methods for determining correspondence 

betWeen an original electrical schematic (e.g., schematic 
netlist) and a schematic Which has been extracted from a 
layout (e.g., layout netlist) are described in US. Pat. No. 
5,249,133 to Batra entitled “Method for the Hierarchical 
Comparison of Schematics and Layouts of Electronic Com 
ponents”; US. Pat. No. 5,463,561 to RaZdan entitled “High 
Capacity Netlist Comparison”; and US. Pat. No. 5,243,538 
to OkuZaWa et al. entitled “Comparison and Veri?cation 
System for Logic Circuits and Method Thereof.” Another 
conventional method for determining correspondence 
includes operations to represent the original schematic and 
extracted schematic as respective bipartite graphs having 
vertices Which represent nets and devices. LVS softWare is 
then used to determine an isomorphism betWeen the bipartite 
graphs. 
The unambiguous determination of isomorphism betWeen 

tWo arbitrary graphs may be a computationally intractable 
problem. To address this problem, heuristic methods for 
identifying graph isomorphisms With acceptable reliability 
and efficiency for ULSI designs have been developed. One 
generally established heuristic method is an iterative graph 
coloring method described in articles by C. Ebeling and O. 
Zajicek entitled “Validating VLSI Circuit Layout By Wire 
list Comparison,” Proceedings of ICCAD, pp. 172—173 
(1983); and by C. Ebeling entitled “Gemini II: A Second 
Generation Layout Validation Program,” IEEE ICCAD-88, 
Digest of Technical Papers, pp. 322—325, November 7—10 
(1988), the disclosures of Which are hereby incorporated 
herein by reference. As described in these articles, an integer 
(color) is assigned to each vertex of a bipartite graph of the 
original schematic and extracted schematic, based on a 
graph invariant such as “number of neighbors” (i.e., adjacent 
vertices). Each vertex is iteratively recolored as a function of 
the colors of its neighbors, until the maximum number of 
unique colors is achieved. Because these operations are 
independent of labeling, equivalent original and extracted 
schematics Will be represented by the same set of colors. A 
one-to-one correspondence may then be achieved by simply 
matching up each vertex in the schematic With a vertex in the 
layout of the same color. 

Unfortunately, some circuits may exhibit symmetry Which 
may cause different vertices to receive the same color 
because the “neighborhoods” associated With these vertices 
look alike. Thus, When tWo or more vertices have the same 
color, ambiguities in selecting matching vertices may arise. 
Typically, this situation is handled by making a guess as to 
Which ones of the same colored vertices in the extracted 
schematic correspond to the same colored vertices in the 
original schematic, then assigning neW colors to the matched 
vertices and then recoloring. If the guess Was incorrect, a 
number of vertices may fail to match When the matching is 
applied at the next level of hierarchy, even though an 
alternate guess might have resulted in a complete one-to-one 
mapping. 

For example, the AND-OR-INVERT (AOI) cell of FIG. 1 
exhibits a number of symmetries With respect to input A 
because input A may be independently sWapped With input 
B or input A may be sWapped With input C if and only if 
input B is sWapped With input D. Similar symmetries also 
exist With respect to inputs B, C and D. FIG. 2 illustrates an 
original electrical schematic (S1) of the A01 and an 
extracted electrical schematic (L1) of the A01 Which Will be 
referred to as “the layout”. FIG. 3 illustrates an electrical 
schematic design (S2) Which contains the A01 schematic 
cell (S1) of FIG. 2 as a subcell and a layout design (L2) 
Which contains the A01 layout (L1) of FIG. 2 as a subcell. 
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As Will be understood by those skilled in the art, veri?cation 
of the designs of FIG. 3 Will only be concerned With the 
mapping of ports (W, X, Y, Z) of the layout L1 of FIG. 2 to 
the ports (Q, R, S, T) of the schematic S2 of FIG. 2. 
HoWever, because the symmetry of the design Will cause 
ports A, B, C, D to acquire the same color, a conventional 
LVS tool may make an arbitrary mapping Which may be 
incorrect (e.g., QQW, RQY, S—>X, T—>Z). A consequence 
of this arbitrary mapping may be manifested at the next level 
of hierarchy. For example, as illustrated by FIG. 3, an 
incorrect choice in the mapping of S1 to L1 (i.e., the child 
cells) may cause S2 and L2 (i.e., the parent cells) to be 
reported as nonequivalent. Here, devices D1—D4 are distinct 
devices that are connected betWeen the ports of the AOI 
“child” cell and the ports of the “parent” cell. Thus, LVS 
softWare may report a mismatch betWeen an original sche 
matic and an extracted schematic/layout, even though it is 
possible to make assignments among symmetric vertices 
that Will result in a match. Typically, a consequence of this 
limitation in LVS softWare is that the softWare user must 
manually intervene by providing the LVS softWare With 
speci?c assignments to resolve ambiguities due to symme 
try. Since it is not alWays clear Where an erroneous guess 
Was made, such manual intervention may be time consum 
ing. For highly symmetric designs such as memories and 
gate arrays, these limitations may signi?cantly reduce the 
utility of LVS softWare. 

To address some of these limitations associated With 
conventional veri?cation tools, an LVS softWare tool 100 
has been developed to determine equivalency betWeen an 
integrated circuit schematic and an integrated circuit layout, 
using the operations 102—114 illustrated by the How diagram 
of FIG. 4. This LVS softWare tool is a commercially avail 
able product from the assignee of the present application, 
Avant! Corporation of Sunnyvale, Calif. This softWare 
product, Which is marketed under the tradename HerculesTM, 
is more fully described in an instruction manual by the same 
name, Release 2.1, January (1997), the disclosure of Which 
is hereby incorporated herein by reference. In particular, the 
LVS softWare tool of FIG. 4 can perform the operations of 
generating a hierarchical electrical schematic netlist having 
at least one parent cell and a plurality of child cells in the 
parent cell, Block 102, and extracting a corresponding 
integrated circuit layout as a hierarchical layout netlist, 
Block 104. An operation is also performed to generate at 
least one color symmetriZing matrix corresponding to a child 
cell in the schematic netlist, Block 106. Here, the child cell 
may have a number of symmetries Which, When taken alone 
or in combination, may result in a number of electrically 
equivalent permutations of the child cell. As illustrated by 
Block 108, operations are then performed to generate sche 
matic and layout graphs of the parent cells in the schematic 
and layout netlists, respectively. These graphs are similar to 
the above-described bipartite graphs. The vertices in the 
schematic graph are then colored and a ?rst color symmetry 
vector is generated for a child cell in the schematic graph. 
Similarly, the vertices in the layout graph are colored and a 
second color symmetry vector is generated for a child cell in 
the layout graph, Block 110. 
An operation is then performed to determine an equiva 

lency betWeen the colors of the vertices in the schematic and 
layout graphs based on a selected permutation of the child 
cell in the layout graph, Block 112, and then an operation is 
performed to determine a vector equivalency betWeen a 
product of the color symmetriZing matrix and the ?rst color 
vector and a product of the color symmetriZing matrix and 
the second color vector, Block 114. Finally, a membership 
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4 
test is automatically performed at Block 116 to determine 
Whether the selected permutation of the child cell can be 
derived from the valid symmetries associated With that child 
cell. As described in a textbook authored by G. Butler, 
entitled Fundamental Algorithms for Permutation Groups, 
Springer-Verlag, p. 144 (1991), a Furst-Hopcroft-Luks ver 
sion of a Schreier-Sims method may be performed. 
Unfortunately, although the softWare tool of FIG. 4 typically 
requires no human intervention, provides adequate perfor 
mance and Works Well With most designs exhibiting 
symmetry, the automatic performance of membership test to 
validate the accuracy of the matched layout and schematic 
may incur an unduly large computational expense and limit 
the applicability of the above softWare to large integrated 
circuit designs having large degrees of symmetry. 

Thus, notWithstanding the above described attempts at 
providing LVS veri?cation tools, there continues to be a 
need to provide veri?cation tools Which have the capability 
of automatically resolving ambiguities in symmetric cir 
cuits. Such tools should be conservative in the identi?cation 
of graph isomorphism, in the sense that if any ambiguities 
remain after the veri?cation operations are performed, a 
nonisomorphism result should be generated and the circuits 
should be designated as non-equivalent even if they may be 
equivalent. This is because the penalty for erroneously 
identifying equivalent circuits as nonequivalent (i.e., manual 
intervention by the user) is far less onerous than the penalty 
for misidentifying non-equivalent circuits as equivalent (i.e., 
the expense of prototyping and manufacturing an incorrect 
design). 

SUMMARY OF THE INVENTION 

It is therefore an object of the present invention to provide 
improved methods, apparatus and computer program prod 
ucts for performing post-layout veri?cation of microelec 
tronic integrated circuits. 

It is also an object of the present invention to provide 
improved methods, apparatus and computer program prod 
ucts for performing layout versus schematic comparison of 
integrated circuits. 

It is another object of the present invention to provide 
methods, apparatus and computer program products for 
performing layout versus schematic comparison of hierar 
chical integrated circuits having symmetrical cells therein. 

These and other objects, features and advantages are 
provided, according to the present invention, by methods, 
apparatus and computer program products for determining 
equivalency betWeen hierarchical integrated circuit sche 
matics and hierarchical integrated circuit layout designs 
using color symmetriZing matrices and preferred operations 
to detect absence of spurious symmetries in the color 
symmetriZing matrices. These operations are preferably per 
formed to reduce computational expenses associated With 
the performance of complex membership tests to determine 
Whether permutations of cells in a hierarchical integrated 
circuit layout design, Which are assigned during layout 
versus schematic comparison operations, can be derived 
from valid symmetries of the respective cells. 

In particular, the present invention includes a layout 
versus schematic (LVS) comparison tool and computer 
program products Which determine one-to-one equivalency 
betWeen an integrated circuit schematic and an integrated 
circuit layout by performing an operation to generate a color 
symmetriZing matrix corresponding to a child cell in the 
integrated circuit schematic. Here, the integrated circuit 
schematic contains at least one child cell and a parent cell 
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containing the at least one child cell. The at least one child 
cell is also characterized as having a number of symmetrical 
con?gurations Which at a port level are electrically equiva 
lent. In integrated circuits having a large number of repeti 
tive devices, the number of child cells having symmetrical 
ports is typically large. Operations are also performed to 
generate a ?rst color symmetry vector for the child cell in the 
integrated circuit schematic and a second color symmetry 
vector for the corresponding child cell in the integrated 
circuit layout. Similar respective operations are also per 
formed for the other child cells. Avector equivalency is also 
preferably determined by comparing a product of the color 
symmetriZing matrix and the ?rst color symmetry vector 
against a product of the color symmetriZing matrix and the 
second color symmetry vector. A vector equivalency is 
established if the numeric entries in the tWo vectors are the 
same, even if their ordering is different. NotWithstanding the 
presence of a vector equivalency, a possibility may still exist 
that With respect to the corresponding symmetric child cells 
in the schematic and layout, isomorphism (i.e., one-to-one 
correspondence) betWeen the schematic and layout is not 
present. To address this possibility, an operation is prefer 
ably performed to detect the absence of a spurious symmetry 
in the color symmetriZing matrix. Aspurious symmetry is an 
additional symmetry of the color symmetriZing matrix 
Which is not a desired symmetry based on symmetrical rules 
associated With the corresponding child cell. If an absence is 
detected, the presence of the vector equivalency Will 
unequivocally establish the one-to-one correspondence With 
respect to the child cells being analyZed. Therefore, the need 
to perform a computationally expensive membership test to 
determine Whether a selected permutation can be derived 
from valid symmetries can be successfully eliminated. 

According to one embodiment of the present invention, a 
method of determining equivalency betWeen an integrated 
circuit schematic and an integrated circuit layout includes 
the steps of representing the integrated circuit schematic as 
a hierarchical schematic netlist having at least one child cell 
therein and a parent cell containing the at least one child cell. 
A step is also performed to extract the integrated circuit 
layout as a hierarchical layout netlist. A color symmetriZing 
matrix corresponding to the child cell is also generated. A 
schematic graph of the parent cell in the hierarchical sche 
matic netlist is also generated along With a layout graph of 
the parent cell in the hierarchical layout netlist. Using 
conventional techniques, the vertices in the schematic graph 
are colored and a ?rst color symmetry vector for the child 
cell therein is generated from the colors of the ports of the 
child cell in the graph. Similarly, the vertices in the layout 
graph are colored and a second color symmetry vector for 
the child therein is generated. An equivalency betWeen the 
colors of the vertices in the schematic graph and the colors 
of the vertices in the layout graph is then determined. 

Based on this equivalency, a step is then performed to 
determine a vector equivalency betWeen a product of the 
color symmetriZing matrix and the ?rst color symmetry 
vector and a product of the color symmetriZing matrix and 
the second color symmetry vector. If these vectors are 
equivalent, it is likely that an equivalency betWeen the 
integrated circuit schematic and the integrated circuit layout 
is present. HoWever, rather than automatically performing 
complex membership tests Which may require considerable 
amounts of computational expense to con?rm equivalency 
(particularly for large integrated circuits having high degrees 
of symmetry), a step is performed to detect absence of a 
spurious symmetry in the color symmetriZing matrix by 
initially checking Whether the number of actual symmetries 
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of the color symmetriZing matrix is equivalent to the number 
of different symmetrical port con?gurations or permutations 
of the child cell undergoing analysis (i.e., the number of 
desired symmetries). If the number of actual symmetries of 
the color symmetriZing matrix is greater than the number of 
desired symmetries, a membership test Will need to be 
performed to verify equivalency. If, on the other hand, the 
number of actual and desired symmetries are determined to 
be the same, a computationally expensive step to perform a 
membership test can be eliminated altogether. Thus, the 
present invention provides layout versus schematic (LVS) 
comparison tools and computer program products Which can 
be used to perform post-layout veri?cation of larger and 
more highly integrated circuits Which possess large numbers 
of symmetric cells (e.g., memories, gate arrays, etc.), rela 
tive to conventional tools. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is an electrical schematic of an AN D-OR-INVERT 

(AOI) circuit. 
FIG. 2 is an electrical schematic of an AOI cell (S1) and 

a schematic of an AOI cell (L1). 

FIG. 3 is an electrical schematic of a parent cell (S2) 
containing the cell S1 of FIG. 2 and an extracted schematic 
of a parent cell (L2) containing the cell L1 of FIG. 2. 

FIG. 4 is a How diagram of operations performed by a 
layout versus schematic (LVS) comparison tool according to 
the prior art. 

FIG. 5 illustrates a functional block diagram of micro 
electronic integrated circuit synthesis, layout, veri?cation 
and manufacturing tools according to the present invention. 

FIG. 6 illustrates a general hardWare description of post 
layout veri?cation tools according to the present invention. 

FIG. 7 illustrates general operations performed by post 
layout veri?cation tools, methods and computer program 
products according to the present invention. 

FIG. 8 is a How diagram of operations performed by 
layout versus schematic (LVS) comparison tools and com 
puter program products according to a preferred embodi 
ment of the present invention. 

FIG. 9 is a partial ?oW diagram illustrating operations to 
detect absence of spurious symmetries in color symmetriZ 
ing matrices, according to the present invention. 

FIG. 10 illustrates a graphical representation of the sym 
metrical AOI circuit of FIG. 1. 

FIG. 11 illustrates operations to determine a ?rst product 
of the color symmetriZing matrix (for the AOI circuit of FIG. 
1) and a ?rst color symmetry vector corresponding to an AOI 
child cell in a schematic graph, a second product of the color 
symmetriZing matrix and a second color symmetry vector 
corresponding to an AOI child cell in a layout graph con 
?gured as a good permutation, and a third product of the 
color symmetriZing matrix and a third color symmetry 
vector corresponding to an AOI child cell in a layout graph 
con?gured as a bad permutation. 

FIGS. 12A and 12B illustrate electrical schematics of 
parent cells having the same symmetries as respective child 
cells therein. 

FIGS. 13A—F and 14A—F illustrate a sequence of bipartite 
schematic and layout graphs corresponding to the AOI child 
cell of FIG. 1, respectively. 

FIGS. 15A—C and 16A—C illustrate a sequence of bipar 
tite schematic and layout graphs corresponding to the parent 
cell of FIG. 3, respectively. 
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FIGS. 17A—D, 18A—D and 19A—D illustrate a sequence of 
schematic graphs, correct layout graphs and incorrect layout 
graphs of a parent cell of FIG. 3, respectively. 

DESCRIPTION OF A PREFERRED 
EMBODIMENT 

The present invention noW Will be described more fully 
hereinafter With reference to the accompanying draWings, in 
Which preferred embodiments of the invention are shoWn. 
This invention may, hoWever, be embodied in many different 
forms and should not be construed as limited to the embodi 
ments set forth herein; rather, these embodiments are pro 
vided so that this disclosure Will be thorough and complete, 
and Will fully convey the scope of the invention to those 
skilled in the art. Like numbers refer to like elements 
throughout. 

Referring noW to FIG. 5, operations performed by a 
preferred computer aided microelectronic integrated circuit 
synthesis, layout, veri?cation and manufacturing system 10 
Will be generally described. The system includes four gen 
eral subsystems: an integrated circuit functional speci?ca 
tion and logic synthesis system 200, an integrated circuit 
layout system 300, a post-layout veri?cation system 400 and 
an integrated circuit manufacturing system 500. The micro 
electronic integrated circuit functional speci?cation and 
logic synthesis system 200 may include circuit libraries or 
macros for such elements as logic gates, ?ip-?ops, registers, 
memory elements, drivers and buffers, for example. The 
functional speci?cation and logic synthesis system 200 
typically provides a vehicle for generating and displaying an 
electrical schematic of an integrated circuit and producing a 
computer readable representation of the schematic as a 
design netlist. The microelectronic integrated circuit layout 
system 300 also typically provides a vehicle for generating 
a physical layout by placing and routing an electrical circuit 
schematic generated by the functional speci?cation and 
logic synthesis system 200. A Wiring program may also be 
provided With the layout system 300 for automatically 
determining the placement of the Wiring interconnect nets 
betWeen the active device elements of the microelectronic 
integrated circuit. 
A veri?cation system 400 is also preferably provided for 

performing an independent veri?cation of the physical lay 
out to ensure compliance With the requirements of the 
functional speci?cation and logic synthesis system 200 as 
Well as the manufacturing system 500. Accordingly, the 
veri?cation system 400 is typically referred to as a “post 
layout” veri?cation system and is typically employed near 
the end of the design process. In addition to acting as an 
independent veri?cation of the operability and correctness of 
the layout of the circuit design, the veri?cation system 400 
may provide means by Which changes and optimiZations can 
be performed. As Will be understood by those skilled in the 
art, various other types of analyses such as timing analysis 
and circuit/logic simulation may be performed to check 
Whether the speci?cations and requirements of the ?rst tWo 
subsystems 200 and 300 are satis?ed. After veri?cation, the 
physical layout is forWarded to the manufacturing system 
500 to produce the integrated circuit. The microelectronic 
circuit manufacturing system 500 may generate the required 
masks, and may control the manufacturing tools necessary 
to fabricate the integrated circuit on a semiconductor Wafer, 
for example. 

It Will be understood by those having skill in the art that 
the integrated circuit functional speci?cation and logic syn 
thesis system 200, microelectronic circuit layout system 300 
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and various parts of the microelectronic integrated circuit 
manufacturing system 500 may be realiZed in Whole or in 
part as softWare modules running on a computer system. 
Alternatively, a dedicated stand-alone system With applica 
tion speci?c integrated circuits for performing the above 
described functions may be provided. The general design 
and operation of the functional speci?cation and logic 
synthesis system 200, layout system 300 and manufacturing 
system 500 are Well knoWn to those having a skill in the art 
and need not be described further herein. 

Referring noW to FIG. 6, a general hardWare description 
of a computer Workstation containing, among other things, 
the integrated circuit post-layout veri?cation system 400 of 
FIG. 5 Will be described. As shoWn by FIG. 6, the Work 
station 20 preferably includes a computer 15 containing a 
hierarchical post-layout veri?cation softWare sub-system 
400 running thereon. The post-layout veri?cation system 
400 may accept a computer representation of the electrical 
schematic and layout of an integrated circuit via a ?le 19, 
disk input 23 or data bus 27. Adisplay 13 and printer 17 are 
also preferably provided to assist in verifying the layout and 
design of the integrated circuit. The hardWare design of the 
above described components 13, 17, 19, 27 and 23 is Well 
knoWn to those having skill in the art and need not be 
described further herein. As one example, the post-layout 
veri?cation system 400 may be run on a computer system 
such as a UNIX-based Workstation. 

Referring noW to FIG. 7, there is illustrated a general 
overvieW of the operations performed by the post-layout 
veri?cation system 400 of the present invention. In 
particular, the post-layout veri?cation system 400 is illus 
trated as performing ?ve (5) operations 410—460. For the 
sake of clarity, these operations are illustrated and described 
as discrete operations, hoWever, combinations of these 
operations may be performed simultaneously. The ?rst 
operation 410 is performed by a design rule checking (DRC) 
tool Which runs comprehensive hierarchical design rule 
checks on a geometric database containing the physical 
layout of an integrated circuit to be veri?ed. The operations 
performed by the design rule checking tool include, among 
other things, checking for area, grid, length, siZe, spacing, 
corner, enclosure, intersection and overlap errors, for 
example. The second operation 420 is performed by a 
preferred hierarchical layout versus schematic (LVS) tool 
Which extracts a hierarchical netlist from the geometric 
layout database and compares it to the electrical schematic 
netlist. Layout and schematic logic agreement is then veri 
?ed at hierarchical matching points, as described more fully 
hereinbeloW With respect to the How charts of FIGS. 8—9. 
The third and fourth operations 440 and 450 are per 

formed by a layout parameter extraction (LPE) tool and a 
critical path timing analysis tool. These tools may perform 
the functions of extracting layout critical nets preferably by 
performing a multi-tiered layout parameter extraction of 
typically all interconnect nets in the geometric layout data 
base and determining delay bounds for those nets. Once this 
layout parameter extraction operation 440 is complete, an 
operation 450 is performed to determine Which paths in the 
integrated circuit constitute timing critical paths. As illus 
trated by the reverse upWard sequence of arroWs in FIGS. 5 
and 7, the performance of post-layout veri?cation may 
necessitate redesign of the integrated circuit by the func 
tional speci?cation and logic synthesis system 200 and/or 
modifying the physical layout using the layout system 300. 
Finally, in the event the integrated circuit is veri?ed for 
design rule compliance and the layout versus schematic 
comparison, extraction and critical path determinations yield 
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acceptable results, the physical layout is forwarded to the 
manufacturing system 500 to produce the integrated circuit. 

The operations of the present invention, as described 
more fully hereinbeloW, may be performed by an entirely 
hardWare embodiment, an entirely softWare embodiment or 
an embodiment combining softWare and hardWare aspects. 
Furthermore, the present invention may take the form of a 
computer program product on a computer-readable storage 
medium having computer-readable program code means 
embodied in the medium. Any suitable computer-readable 
medium may be utiliZed including hard disks, CD-ROMs or 
other optical or magnetic storage devices. 

Operations for various aspects of the present invention are 
illustrated in detail in FIGS. 8 and 9 Which are ?oWchart 
illustrations. It Will be understood that each block of the 
?oWchart illustrations, and combinations of blocks in the 
?oWchart illustrations, can be implemented by computer 
program instructions. These computer program instructions 
may be provided to a processor or other programmable data 
processing apparatus to produce a machine, such that the 
instructions Which execute on the processor or other pro 
grammable data processing apparatus create means for 
implementing the functions speci?ed in the ?oWchart block 
or blocks. These computer program instructions may also be 
stored in a computer-readable memory that can direct a 
processor or other programmable data processing apparatus 
to function in a particular manner, such that the instructions 
stored in the computer-readable memory produce an article 
of manufacture including instruction means Which imple 
ment the functions speci?ed in the ?oWchart block or blocks. 
Accordingly, blocks of the ?oWchart illustrations support 
combinations of means for performing the speci?ed 
functions, combinations of steps for performing the speci 
?ed functions and program instruction means for performing 
the speci?ed functions. 

Referring noW to FIGS. 7—9, preferred operations 420 
performed by a layout versus schematic comparison tool of 
the present invention Will noW be described. In particular, 
this comparison tool performs operations to determine 
equivalency betWeen hierarchical integrated circuit sche 
matics and hierarchical integrated circuit layout designs 
using color symmetriZing matrices and preferred techniques 
to detect absence of spurious symmetries in the color 
symmetriZing matrices. These operations are preferably per 
formed to reduce the computational expenses associated 
With the automatic performance of complex membership 
tests to determine Whether permutations of cells in a hier 
archical integrated circuit layout design can be derived from 
valid symmetries of the respective cells therein. 

According to one embodiment of the present invention, 
operations to determine equivalency betWeen an integrated 
circuit schematic and an integrated circuit layout include 
representing the integrated circuit schematic as a hierarchi 
cal schematic netlist having at least one child cell therein and 
a parent cell containing the at least one child cell, Block 421. 
An operation is also performed to extract the integrated 
circuit layout as a hierarchical layout netlist, Block 422, 
using conventional techniques. As described more fully 
hereinbeloW With respect to an exemplary portion of an 
integrated circuit containing an AND-OR-INVERT (AOI) 
cell therein as a child cell, a color symmetriZing matrix 
corresponding to the child cell is also generated, Block 423. 
A bipartite schematic graph of the parent cell in the hierar 
chical schematic netlist is also generated along With a 
bipartite layout graph of the parent cell in the hierarchical 
layout netlist, Block 424. The vertices in the schematic 
graph are then colored and a ?rst color symmetry vector for 

10 

15 

25 

35 

45 

55 

65 

10 
the child cell therein is generated from the colors of the ports 
of the child cell in the graph, Block 425. Similarly, the 
vertices in the layout graph are colored and a second color 
symmetry vector for the child therein is generated, Block 
426. An equivalency betWeen the colors of the vertices in the 
schematic graph and the colors of the vertices in the layout 
graph is then determined, Block 427. 

Based on this equivalency, an operation is then performed 
to determine a vector equivalency betWeen a product of the 
color symmetriZing matrix and the ?rst color symmetry 
vector and a product of the color symmetriZing matrix and 
the second color symmetry vector, Block 428. If these 
vectors are equivalent, an equivalency betWeen the inte 
grated circuit schematic and the integrated circuit layout 
may be present. HoWever, a possibility may still exist that 
With respect to the corresponding symmetric child cells in 
the schematic and layout, isomorphism (i.e., one-to-one 
correspondence) betWeen the schematic and layout is not 
present. 

To address this possibility, an operation is preferably 
performed to detect the absence of a spurious symmetry in 
the color symmetriZing matrix. If an absence is detected, the 
presence of the vector equivalency Will unequivocally estab 
lish the one-to-one correspondence With respect to the child 
cell being analyZed. Therefore, the need to perform a com 
putationally expensive membership test to determine 
Whether a selected permutation can be derived from valid 
symmetries can be successfully eliminated. In particular, 
rather than automatically performing a complex member 
ship test Which may require considerable amounts of com 
putational expense to con?rm equivalency (particularly for 
large integrated circuits such as memories and gate arrays 
Which have high degrees of symmetry), an operation is 
performed to detect absence of a spurious symmetry in the 
color symmetriZing matrix, Block 429, by initially checking 
Whether the number of actual symmetries of the color 
symmetriZing matrix is equivalent to the number of different 
symmetrical port con?gurations or permutations of the child 
cell undergoing analysis (i.e., the number of desired 
symmetries), Blocks 429A—429B. As illustrated by Blocks 
429C and 429D, If the number of actual symmetries of the 
color symmetriZing matrix is greater than the number of 
desired symmetries, a membership test Will need to be 
performed to verify equivalency. If, on the other hand, the 
number of actual and desired symmetries are determined to 
be the same Which, in practice, has been found to be true in 
the vast majority of cases, the computationally expensive 
membership test can be eliminated altogether. These opera 
tions are repeatedly performed for all cells, at each level of 
hierarchy. Then, once complete layout versus schematic 
equivalency is found for the entire integrated circuit, control 
of the post-layout veri?cation system can be passed to the 
layout parameter extraction (LPE) tool, Block 440. 

Further description of the above preferred operations of 
FIGS. 8 and 9 Will noW be provided by illustrating perfor 
mance of these operations on an integrated circuit containing 
an AND-OR-INVERT (AOI) cell therein as a child cell. In 
particular, schematic and layout netlists are initially gener 
ated for corresponding schematic and layout designs of a 
hierarchical integrated circuit. Here, the layout netlist may 
be generated by extracting the layout design using conven 
tional techniques Well knoWn to those skilled in the art. The 
schematic and layout netlists are then abstracted into respec 
tive bipartite graphical representations Where the vertices of 
the graph represent devices or nets. For example, FIG. 10 
illustrates a graphical representation of the symmetrical AOI 
circuit of FIG. 1. The graphical schematic and layout rep 
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resentations are provided With an initial partitioning of 
vertices Which distinguishes between nets and devices, and 
also betWeen external nets (e.g., input ports A, B, C, D and 
output port Z) and internal nets (N1 and N2). As Will be 
understood by those skilled in the art, graphical automor 
phism detection operations are then performed on the 
graphical representations. Here, the purpose of the initial 
partitioning is to constrain the automorphism operations to 
?nd symmetries that do not involve sWapping betWeen 
partitions. Moreover, because the ability to sWap devices and 
nets is an artifact of the graphical abstraction and not a real 
possibility, it may be excluded. SWapping of ports and 
internal nets may also be excluded because hierarchical 
analysis is only concerned With symmetries among ports. 

Using conventional techniques such as those described in 
the aforementioned Ebeling articles, an iterative coloring 
process is then applied to the vertices of the schematic and 
layout graphs. As Will be understood by those skilled in the 
art, the establishment of unique colors at the vertices of the 
schematic and layout graphs typically permits matching of 
the vertices. Vertices that may be sWapped by a valid 
symmetry Will also have identical colors. HoWever, in order 
to distinguish betWeen good and bad permutations, a set 
(e.g., vector) of color values Will need to be established 
using a coloring function that depends not just on the 
neighbors of a vertex, but on all the vertices that share a 
symmetry With it. Here, a coloring function is required that 
results in the same set of colors When applied to valid 
permutations and a different set of colors When applied to 
invalid permutations. In particular, When the layout is a valid 
permutation of the schematic, the coloring function Will 
result in the same set of colors for the layout and schematic, 
and these colors Will be related by the permutation. On the 
other hand, When the layout is not a valid permutation of the 
schematic, the coloring function Will result in different sets 
of colors. 

The preferred coloring function may be characteriZed 
algebraically, Where: 

_) 

n Evector of color values 

Pg, PbEgood & bad permutations 

K'El’l?W color values 

F'EFG) 
Require: 

F<Pg<7>>=Pg<7>=Pg<F<7>> 

F<Pb<7>>==Pb<7>=Pb<F<7>> 
Assume F and P can be represented by matrix multiplication: 

F(7)=FF 

P(7)=PF 

Require Vn: 

F=PgFF 

. . Q Q . 6 

Note that the condition that (FPbn)l-#(PbFI1)i, 15 more 
a a 

stringent than the condition that FPg n =PgF n because not 
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12 
only must the tWo sides of the equation be unequal, but each 
component of each side must be unequal. With this 
understood, a simpli?cation may be performed: 

These equations describe a matrix F Which is symmetric 
With respect to the permutation represented by Pg, but not 
symmetric With respect to pb Thus, the required function is 
a matrix Which exhibits symmetry With respect to all legal 
permutations and violates symmetry With respect to all 
illegal permutations. 
As described above, this preferred matrix is a color 

symmetriZing matrix (CSM). An exemplary CSM Which 
encodes the symmetries of the AOI cell of FIG. 1 is provided 
as: 

0 ll l3 13 

ll 0 l3 l3 

l3 l3 0 ll 

l3 13 ll 0 

CSM : 

As illustrated best by FIG. 11, respective products of the 
CSM and a vector of colors for the schematic AOI, (ii) a 
correctly permuted vector of colors associated With the 
layout AOI and (iii) an incorrectly permuted vector of colors 
associated With the layout AOI, results in tWo vectors (486, 
514, 350, 245) and (245, 350, 486, 514) Which have the same 
set of color values and are thereby equivalent, and one 
vector (454, 426, 438, 277) Which is different. The vectors 
Which agree correspond to the schematic and layout based 
on a “good” permutation of the AOI cell. Accordingly, a 
determination of vector equivalency for all cells at each 
level of hierarchy, Block 428 of FIGS. 8 and 9, can be used 
to determine LVS equivalency. 
A preferred approach to form the above CSM includes 

building the matrix in the most restrictive Way possible so 
that the matrix is guaranteed to have all the desired sym 
metries. According to a preferred aspect of the invention, the 
matrix is constructed by starting With an empty (Zero) matrix 
(With dimensions equal to the number of interdependent 
ports: e.g., a 4x4 matrix for an AOI cell) and inserting an 
arbitrary number someWhere into the matrix. Prime numbers 
are preferably used to minimiZe the probability of collisions. 
This prime number is then copied into every entry Whose 
indices can be related to the indices of the original entry by 
some combination of legal permutations. The result is a 
matrix Which is symmetric With respect to all legal permu 
tations. If there are any empty entries in the matrix 
remaining, a neW and different number is inserted into an 
empty entry, and the process is repeated. This procedure is 
continued until there are no empty entries. At the end of any 
given iteration, the CSM matrix is provided With the desired 
symmetries, hoWever, by iterating until the matrix is full, it 
is possible to minimiZe the probability of spurious symme 
tries. 

Apreferred method of counting the number of symmetries 
5 of the CSM is based on a version of the Schreier-Sims 

algorithm. This version is more fully described in Chapter 
10 of the aforementioned textbook by G. Butler entitled 












